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Abstract 

Peracetylation of free hydroxyl groups in model saccharides with [ ,3 C-carbonyl]acetic anhydride resulted in 
additional splittings of sugar ring proton signals in NMR spectra, due to 3-bond J couplings between each acetyl 
carbonyl carbon and a sugar ring proton at that position. Quantification of 144 of these 3-bond coupling constants 
in different saccharide structures showed a range between 2.5 and 4.7 Hz, whereas all possible 4-bond couplings 
between sugar ring protons and acetyl carbonyl carbons were within linewidth ( < 0.5 Hz). Therefore, further 
splitting of sugar ring proton signals in the range of 2.5-4.7 Hz upon acetylation with a [ l3 C-carbonyl]acetyl group 
identifies that position as (formerly) having a free hydroxyl group. This performs the same basic function as 
permethylation analysis, but does not require hydrolysis of glycosidic linkages. Additionally, proton -detected 2D 
heteronuclear multiple bond correlation (HMBC) experiments or proton-detected heterbnuclear correlation spec- 
troscopy (hetCOSY) enabled ring proton -carbonyl- ,3 C 3-bond J connectivities to be correlated with high sensitivity. 
Modified NMR pulse sequences are reported that include frequency selective decoupling schemes to enable coupling 
constants to be determined from 2D data. The tailored pulse sequences resulted in higher spectral resolution and 
sensitivity for [ 13 C-carbonyl]-ring proton correlations. © 1999 Elsevier Science Ltd. AH rights reserved. 

Keywords: Carbohydrates: Oligosaccharides; Peracetylation; NMR; Linkage analysis; Sugar ring 'H-acetyl carbonyl '*C J 
couplings 



1. Introduction 

Permethylation analysis of carbohydrates 
has been an important tool for establishing 
linkage substitutions of monosaccharides in 
oligosaccharides [3-6]. The basic logic of the 
methods so developed is that, by converting 
every free hydroxyl group into a methyl ether, 
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the original positions of all free hydroxyl 
groups can be established. By default, all 
other positions are either involved in a glyco- 
sidic linkage, a ring cyclization (pyranoside or 
furanoside), or are substituted with a func- 
tional group that is stable to the methylation 
conditions. 

NMR has been used extensively for primary 
structural elucidation of oligosaccharides hav- 
ing natural abundance isotopes [7-10], where 
the goals are essentially twofold. First, assign- 
ment and quantification of through-bond 
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homonuclear couplings ( 2 J H H and V H H ), via 
2D experiments such as COSY and f OCSY 
yields, in principle, the information required 
to assign each monosaccharide spin system to 
a characteristic stereochemistry, including 
anomeric configuration and ring form (exclud- 
ing the enantiomer). Second, observation of 
any true through-bond correlations of nuclei 
between monosaccharide residues yields the 
information needed to establish the sites of 
linkages between them. 

In practice, the major impediments in meet- 
ing the foregoing two goals are first, that 
spectral dispersion in two dimensions is often 
inadequate to permit quantitation of 2 J H H and 
Vh.h couplings from multiplet patterns be- 
cause of severe overlap. Second, establishing 
linkage positions between sugars requires that 
heteronuclear multiple-bond correlations 
(V c H , HMBC) across glycosidic linkages be 
observed. These are limited in sensitivity due 
to the low l3 C natural abundance. The 
strongest nuclear Overhauser enhancements 
observed between monosaccharides may not 
be between two protons directly across a gly- 
cosidic bond [11], which also applies to long 
range interresidue l H-'H couplings some- 
times seen in gradient COSY experiments [12] 
and so neither are adequate for proof of 
linkage. 

Peracetylated oligosaccharides have been 
studied with interest in the additional spectral 
dispersion observed for sugar ring protons as 
compared with the non-acetylated structures 
[13,14]. Goux and co-workers [15—17] pre- 
pared peracetylated carbohydrate derivatives 
having 13 C-labeled carbonyl groups. They 
were interested in assignments of chemical 
shifts of 13 C signals, and used 13 C NMR spec- 
troscopy to record carbon frequencies and 
l3 C-detected heteronuclear NMR to detect 
l3 C-'H correlations. As they detected 13 C sig- 
nals, the quantities of sugar samples they re- 
quired were in the range of 5-100 mg [16], 
and they focused primarily on chemical shift 
pattern recognition methods [17]. They did 
not report proton-detected heteronuclear ex- 
periments and did not report values for spe- 
cific V c H coupling constants, 4 J C H couplings, 
or ranges of these coupling constants, the 
knowledge of which is crucial to making posi- 
tional assignments. 



The aims of this study were: (1) To prepare 
a series of peracetylated carbohydrate struc- 
tures with [ 13 C-carbonyl]-labeled acetyl 
groups, and their natural abundance counter- 
parts. (2) To establish the range in the values 
of 3 7 c H coupling constants between carbonyl 
carbons and ring protons at the same position 
on the sugar ring. (3) To establish the range in 
the values of 4 J C H coupling constants between 
carbonyl carbons and ring protons at adjacent 
positions on the sugar ring. (4) To develop 
l H-detected heteronuclear 2D NMR methods 
to assign and quantitate 'H- 13 C couplings 
between sugar ring protons and acetyl car- 
bonyl carbons. Based on the data of this 
study, it is evident that the methods provide 
the same basic information as permethylation 
analysis, i.e., by converting every free hy- 
droxyl group into a [ l3 C-carbonyl]acetyl ester, 
the original positions of all free hydroxyl 
groups can be established. By default, other 
positions are either involved in a glycosidic 
linkage, a ring cyclization, or are substituted 
with a functional group that is stable to 
peracetylation. 



2. Results and discussion 

Peracetylation was performed by standard 
procedures using acetic anhydride or [ 13 C-car- 
bonyl]-labeled acetic anhydride and pyridine, 
washed once with CDC1 3 , and transfered to an 
NMR tube in CDC1 3 . To examine for ex- 
changable amide protons, present in some 
compounds, spectra were directly acquired. 
However, the chemical shifts of these and 
other proton signals were not highly repro- 
ducible in CDC1 3 (without D 2 0), which may 
be due to variable amounts of dissolved water 
that were difficult to control. As shown in Fig. 
1(a) and (b), addition of 10 |aL of D 2 0 to 
samples saturated the CDC1 3 , which resulted 
in exchange of amide protons and gave very 
reproducible 'H chemical shifts ( ± 0.002 ppm, 
relative to Me 4 Si at 27 °C). 

All compounds were prepared with stan- 
dard acetic anhydride and, in separate exp- 
eriments, [ I3 C-carbonyl]-labeled acetic anhy- 
dride, and their ID spectra were compared. 
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Fig. 1. NMR spectra of 200 u.g of the peracetylated disaccharide-alditol, 0-r>GlcpNAc-(l -> 3)-D-GaINAc-ol. Shown are the 
regions of 'H frequencies containing the sugar backbone proton signals and for (e), the carbonyl carbon frequencies, (a) and (b) 
The 1 D spectra of the compound containing natural abundance carbon in acetyl groups, immediately after addition of D 2 0 (a) 
and after 48 h (b). .(c) The ID spectrum of the compound with the 0-acetyl groups containing [ ,3 C-carbonyl] carbons, after 
exchange of amide protons, (d) The 2D gradient COSY spectrum of the compound having natural abundance carbon in acetyl 
groups, after exchange of amide protons, (e) The 2D gHMBC spectrum of the compound with the 0-acetyl groups containing 
["C-carbonyl] carbons, after exchange of the amide protons. Pertinent ID signal assignments and 2D crosspeak assignments are 
indicated. The l3 C carbons indicated refer to the acetyl carbonyl carbons, selectively enriched. 
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Gradient COSY (gCOSY) spectra of all stan- 
dard peracetylated products were carried out 
to determine proton assignments, and in re- 
gions of spectral overlap in ID spectra, to 
establish those proton coupling constants. A 
comparison of the ID spectra of the non-la- 
beled versus 13 C-labeled products is shown for 
two peracetylated compounds, p-D-GlcpNAc- 
(1 ^ 3)-D-GalNAc-ol, and p-D-Glc/?-(l -*4)-D- 



Glc-ol (Fig. 1(b) and (c), and Fig. 2(a) and 
(b)). Immediately apparent in these compari- 
sons are the additional ,3 C- l H couplings, 
which for compounds of this size, enabled 
most of the I3 C-'H couplings to be directly 
quantified. gCOSY spectra of the non-labeled 
compounds yielded the 2 J HmH and V H H cou- 
plings, along with the standard ID spectra 
(Figs. 1 and 2, Tables 1-3). 
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Fig. 2. N MR spectra of 500 ug of the peracetylated disaccharide-alditoh P-i>G1c/j(1 -»4)-i>-Glc-ol. Shown are the regions of l H 
frequencies containing the sugar backbone proton signals, and for (d), the carbonyl carbon frequencies, (a) The ID spectrum of 
the compound containing natural abundance carbon in acetyl groups, (b) The ID spectrum of the compound with the O-acetyl 
groups containing [' 'C-carbonyl] carbons, (c) The 2D gCOSY spectrum of the compound .having natural abundance carbon in 
acetyl groups, (d) The 2D gHMBC spectrum of the compound with the O-acetyl groups containing [ u C-carbonyI] carbons. 
Pertinent ID signal assignments and 2D crosspeak assignments are indicated. The ,3 C carbons indicated refer to the acetyl 
carbonyl carbons, selectively enriched. 
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Fig. 3. Structures of peracetylated oligosaccharide alditols described herein. At the top is a-D-Glc/>-(l 3)-a-D-Glc/>-(l ->4)-a-D- 
Glc/>-(l -» 3)-d-G1c-o1. and at the bottom is P-D-Gal/M 1 — 3)-(3-D-GIc/?NAc-< I — 3)-P-i>-Gal/7-(l — 4)-r>Glc-ol. Individual pyra- 
noside rings are labeled for referencing crosspeaV multipiets in Table 3 and Figs. 4, 9 and 10. 



Two oligosaccharide-alditols (Fig. 3) were 
also peracetylated with 13 C-carbonyl and nat- 
ural abundance acetyl groups. A comparison 
of the gCOSY spectra of unlabeled and [ l3 C- 
carbonyl]-labeled, peracetylated a-D-Glc/?- 
(1 ^3)-a-D-Glc/>-(l ->4)-a-D-Glc/7-(l ->3)- 
D-Glc-ol is shown in Figs. 4 and 5. A number 
of crosspeak multiplet patterns differed be- 
tween the two spectra. Those protons having a 
3 ^<;.h coupling to a l3 C-carbonyl group in the 
labeled compound showed an additional split- 
ting as compared with the natural abundance 
compound. In addition, the gCOSY pulse se- 
quence was modified through the inclusion of 
the GARP decoupling scheme at the carbonyl 
,3 C frequency for the time period shown in 
Fig. 6(a). The resultant carbon-decoupled 
gCOSY (cdgCOSY) pulse sequence eliminated 
the ,3 C-'H couplings and resulted in the same 
spectrum as observed for the natural abun- 
dance compound (compare multipiets, Fig. 
5(a)-(c) to (g)-(i), respectively). Furthermore, 



application of the GARP decoupling scheme 
at the carbonyl 13 C frequency for a standard 
'H ID experiment during the 90° pulse and 
acquisition period eliminated the ,3 C- l H cou- 
pling, giving rise to a 1 D spectrum identical to 
the unlabeled compound (data not shown). 
These experiments were applied to all the 
compounds described herein with the same 
results: the 3-bond ^C-'H coupling constants 
were observed in ID and 2D gCOSY experi- 
ments and these couplings could be eliminated 
through inclusion of the GARP decoupling 
scheme in ID or cdgCOSY pulse sequences. 

For [ I3 C-carbonyl]-labeled compounds, gra- 
dient HMBC (gHMBC) experiments showed 
the sugar-ring proton - 13 C-carbonyl couplings 
as crosspeaks (Figs. 1(e) and 2(d)). One major 
advantage to using the 13 C label is that 
gHMBC crosspeaks were detected about 90 
times more sensitively than the same experi- 
ments using natural abundance carbon. The 
gHMBC experiment was performed with all 
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the structures reported herein with similar re- 
sults. Under the conditions used, only. 3-bond 
ring-proton - I3 C-carbonyl couplings were ob- 
served. No 4-bond coupli ngs were discernible 
""above r, noise. One disadvantage of HMBC 
experiments in general results from 'H-'H J 
modulation of the net magnetization during 
the long dephasing/rephasing periods of the 
pulse sequence, resulting in unresolved 'H- 
,3 C multiplet patterns and poor F } ( 13 C) reso- 
lution. For this reason, direct transfer of ,3 C 
magnetization with ! H detection was far 
preferable for good F } resolution. A modified 
phase-sensitive hetCOSY pulse sequence, with 
or without a hyperbolic secant decoupling 
scheme applied at the methyl proton fre- 
quency during the t y period, is shown in Fig. 
6(b). Due to the narrow spectral range of the 
carbonyl ,3 C frequencies, high spectral resolu- 
tion was achievable because the F, spectral 
width could be restricted to 400 Hz. A com- 
parison of spectra obtained without and with 
the application of the decoupling scheme are 
demonstrated in Figs. 7 and 8, respectively, 
using peracetylated (5-d-G1c/7-(1 ->4)-d-G1c-o1 
having n C-carbonyl groups. The 1:3:3:1 split- 
ting pattern of the U C frequencies due to their 
coupling to the methyl protons of acetyl 
groups, as shown in Fig. 7(a), is completely 



eliminated through methyl proton decoupling 
(Fig. 8(a)). The complex multiplets are con- 
verted, along the ,3 C axis, to a single splitting/ 
which resulted from a sin gle_^ojit^g^_the_ 
13 C-carbonyl nucleus to a sole ring proton. 
The selective proton-decoupled hetCOSY 
(spdhetCOSY) experiment permitted an accu- 
rate measurement of these l3 C- ! H coupling 
constants. For positions containing gem -cou- 
pled protons (i.e., C-6), two splittings of the 
u C-carbonyl frequency remained, which re- 
sulted from the coupling of the u C-carbonyl 
nucleus to both protons at that position (com- 
pare Fig: 7(b) to Fig. 8(b)). This clearly en- 
abled positions having gem -coupled protons 
to be identified, in addition to the fact that 
most gem -coupled pairs showed two proton 
chemical shifts which correlated to a single 
13 C-carbonyl frequency. Two other advan- 
tages of using the spdhetCOSY pulse sequence 
were that resolution between different 
crosspeak multiplets along the l3 C axis and 
sensitivity were increased due to lack of fur- 
ther splitting of multiplets by methyl protons 
coupled to the ,3 C-carbonyl nuclei. 

Application of the spdhetCOSY pulse se- 
quence to the two oligosaccharide-alditols of 
Fig. 3 is shown in Figs. 9 and 10. The excel- 
lent F x resolution permitted the l3 C-'H 3- 
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Fig. 4. Gradient COSY spectra of the peracetylated tetrasaccharide alditol, a-D-Glc/Ml — 3)-a-ii-Glcp-(l — 4)-a-i>Glc/)-(l ->3)-d- 
Glc-ol. Assignments of crosspeak multiplets are indicated. Shown are the spectra of (a), the compound having natural abundance 
carbon in acetyl groups and (b), the compound having [ ,3 C-carbonyl] acetyl groups. 
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Fig. 5. Expansions of multiple! patterns of crosspeaks of gCOSY spectra of the peracetylated tetrasaccharide alditol a-o-Glco- 
(l -3)-o(-D : Glc/7-(l-4)- a .D-Glcy;-(] - 3)-r>Glc-ol. Shown are the H-3/H-4 multiplet patterns for: (a)-(c). the standard com- 
pound having natural abundance carbon in acetyl groups (expanded from Fig. 4(a)); (d)-(f), the compound having [ ,3 C-carbonvlV 
acetyl groups (expanded from Fig. 4(b)); and (g)-(i) the compound having pC-carbonyl] acetyl eroups. using the cdgCOSY pulse 
sequence (Fig^6(a». All crosspeaks are shown with the H-3 frequency along the horizontal axis^and the H-4 frequencv alone the 
vertical axis The multiplet Irom glucopyranoside A (Fig. 3) is shown in the column (a), (d) and (g), that from glucopyranoside 
m . (J?>> (e) ? nd < h >' and that Irom glucopyranoside C in (c), (0 and (i). The H-3/H-4 multiplet pattern for glucopyranoside C 
partially overlapped with the alditol H-3/H-4 multiplet; crosspeaks arising from the pyranoside are indicated for both dimensions 



bond coupling constants to be determined 
from the single splitting along the n C axis, 
except for the positions having gem -coupled 
pairs, where cancellation in the center of mul- 
tiples along the l3 C axis occurred as a result 
of the two similar couplings of both protons 
to the single carbon nucleus. The latter ,3 C-, 
'H coupling constants were determined either 
from the ID spectra, where possible, or by 
comparing the gCOSY experiments performed 
on the compounds with or without ["C-car- 
bonyl]-labeled acetyl groups, or by comparing 
the gCOSY and cdgCOSY experiments on the 



compound having the l3 C label. Coupling con- 
stants obtained were consistent between exper- 
iments, with an important criterion being high 
digital resolution in both dimensions for the 
2D experiments. 

Evident from Tables 1 - 3 are two key obser- 
vations. First, determination of 144 3-bond 
couplings between ,3 C-carbonyl carbons and 
their respective ring protons (square brackets) 
showed the range of these couplings to be 
from 2.5 to 4.7 Hz. Second, no additional 
4-bond splittings were observed; any 4-bond 
1 'C-carbonyl-ring proton couplings were 
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within the spectral linewidth (J<0.5 Hz). For 
example, for all pyranoside H-l and H-5 sig- 
nals, positions to which there were obviously 
-no— directl y attached acetyl groups, no addi- 
tional splittings were observed in comparing 
the l3 C-labeled and non-labeled compounds in 
ID spectra or gCOSY spectra. Those posi- 
tions having a glycosidic substituent, and 
those positions having an acetamido (unla- 
beled) group also showed no additional split- 
ting. For all positions (55 in number) not 
capable of having a 3-bond 13 C-'H coupling, 
no additional splittings were observed. Also, 
none of these positions were detected in 
gHMBC experiments or in spdhetCOSY ex- 
periments, as they were not 13 C-acetylated. 
This leads to the conclusion that the positions 
of free hydroxy! groups, after acetylation with 
I3 C-carbonyl acetic anhydride, can be directly 



a 





Fig. 6. Modified NMR pulse sequences. Solid black rectangles 
represent 90° pulses for 'H or ' "C, and parabolic shapes show 
the application of z gradients. Gray rectangles refer to decou- 
pling pulse schemes, (a) The carbon-decoupled gradient 
COSY (cdgCOSY) pulse sequence. This was a* standard 
gCOSY pulse sequence* modified with the inclusion of the 
GARP decoupling scheme at the iy C frequency during the 
time interval shown. The delay between transients (d) and the 
evolution time (/,) are indicated, (b) The selective proton-de- 
coupled heteronuclear COSY' (spdhetCOSY) pulse sequence. 
This was a phase-sensitive hetCOSY pulse sequence modified 
by inclusion of the hyperbolic secant decoupling scheme 
applied at the methyl proton frequency during 



determined by determining the 3-bond 13 C- l H 
coupling constants between the ring proton 
and the carbonyl carbon. Furthermore, the 
gHMBC and spdhetCOSY experiments are 

just-tw^ select 

for transfer processes, either coherent or inco- 
herent, between heteronuclei [18]. Hence, the 
enrichment of the acetyl [ n C-carbonyl] nu- 
cleus over natural abundance endows it as a 
selective tag for identifying the sites of acetyla- 
tion and for elucidation of J coupled spin 
systems using other potential proton-detected 
2D or multidimensional experiments. 

Chemical shifts of the acetyl methyl protons 
for the disaccharide alditols are reported in 
Tables 1 and 2. For peracetylated oe-D-Glc/?- 
(1 — 3)-a-D-Glc/?-(l ->4)-a-D-Glc/>-(l — 3)- 
D-Glc-ol, 0 -acetyl methyl proton shifts (S) 
were: 2.130, 2.124, 2.114, 2.107, 2.104. 2.089. 
2.085, 2.081, 2.068, 2.067, 2.056, 2.051, 2.010, 
2.006 and 1.986. For peracetylated P-D-Gal/?- 
(lw 3) - P - D - Glc/>NAc - (1 — *3)-p-D - Gal/7- 
( 1 4)-D-Glc-ol, the ^/-acetyl methyl proton 
shift was 2.001 and the 0-acetyl methyl proton 
shifts were 2.158, 2.147, 2.140, 2.106, 2.09), 
2.077, 2.071 (two methyl groups), 2.063, 2.061 
(three methyl groups), 2.045 and 1.966. These 
chemical shifts do not permit unambigous 
structural assignments to be made, as was 
previously concluded by Goux and Weber [17]. 
Their main value is that they permit a direct 
count of the number of acetylated positions and 
that they enable the number of 7V-acetyl groups 
and O -acetyl groups to be readily distinguished 
(Table 1, footnote b). 



3. Conclusions 

The ability to sensitively assign the sites of 
acetyl group substitutions based on the 3- 
bond coupling constant of a sugar ring proton 
and [ 13 C-carbonyl]-carbon of the acetyl group 
provides the same basic information given by 
permethylation analysis. However, there are 
some significant advantages to using the 
NMR methods reported herein. First, perme- 
thylation analysis requires cleavage of glyco- 
sidic linkages, whereas 'peracetylation 
analysis' by NMR permits substitution posi- 
tions to be determined on intact structures. 
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►lets are 



Second, knowledge of the position of ring 
cyclization is straightforward, spectral disper- 
sion permitting, because the position involved 
in cyclization (either 0-4 or 0-5 for most 



sugars) cannot be acetylated and hence does 
not demonstrate an additional 'H- U C cou- 
pling upon peracetylation. Third, the proce- 
dure should permit assignment of the sites of 
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substitution of many non-carbohydrate 
groups, such as sulfates, for example. Particu- 
larly relevant is the potential to sensitively 
assign the positions of functional groups that 



do not survive permethylation conditions, 
such as acetyl groups. Fourth, for many struc- 
tures, the original saccharide should be recov- 
erable because mild conditions are available 
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for O-deacetylation [19,2UJ. Htm, peraceiyid- 
tion is one of the most simple, mild and 
reproducible derivatization methods available 
in carbohydrate chemistry. 

With regard to advantages over N MR ol 
underivatized carbohydrates in D 2 0, several 
are evident. Spectral dispersion of ring pro- 
tons other than anomeric protons is about 
twofold greater, which is well known [13,14]. 
The ability to sensitively assign positions of 
linkages is possible as indicated herein. In 
addition, the 13 C nucleus may be used with a 
greater than 90-fold increase in sensitivity for 
providing spectral dispersion in a 13 C dimen- 
sion in proton-detected 2D or 3D experi- 
ments, and should enable many more l H-'H 
couplings to be measured in larger molecules. 
Based on the spectral resolution achievable 
with the two tetrasaccharide-alditols m the 
spdhetCOSY experiment (Figs. 9 and 10), it is 
estimated that oligosaccharide substitution 
positions should be possible to determine for 
structures having up to ca. 8-10 monosaccha- 
rides using only 2D experiments. Further- 
more, the exchange of acetamido protons can 
be monitored, and H-2 can be easily assigned 
for 2-acetamido-2-deoxy sugars. This should 
be useful in cases where an aldose and a 
2-acetamido-2-deoxyaldose having the same 
configuration are found in the same oligosac- 
charide and where ambiguity may exist as to 
which spin system corresponds to which 
sugar. Also, use of the [ 13 C-carbonyl]acetyl 
group may find valuable uses in synthetic 
carbohydrate chemistry, in determining the 
positions of anhydro rings, ester, ether or 
cyclic acetal substituents, etc. Simply by O- 
acetylating any free hydroxy! groups, their 
positions can be located on the sugar ring and 
by default, the other substituents must be 
located at other sites. 

Credence also needs to be paid to the inher- 
ent caveats of this procedure. First, the 
method is strictly useful only as a primary 
structural tool and obviously bears no rele^ 
vance to conformational studies of underiva- 
tized molecules. Second, it does not give 
information as to the order (sequence) of 
monosaccharides in a sugar chain, as inter- 
residue through-bond couplings are not as- 
signed. However, NOEs across glycosidic 



glycolipids by NOESY and peracetylated 
oligosaccharide-alditols by ROESY experi- 
ments [13,14]. Combined with the through- 
bond [ ,3 C-carbonyl]-carbon-ring proton 
couplings to unambiguously establish the po- 
sitions of (formerly free) hydroxyl groups, the 
structure of many carbohydrates in the range 
of 2-10 monosaccharides should be capable 
of being solved without a requirement for 
permethylation. Third, for somewhat larger 
structures (namely, 10-20 sugars), 2D experi- 
ments will yield the inevitable overlap of 
crosspeaks and, as with underivatized struc- 
tures, strong couplings. It is clear that spectral 
dispersion will be needed in additional dimen- 
sions. Where structures are very large, such as 
polysaccharides having multiple repeating 
units, permethylation' analysis may remain the 
best approach. Fourth, the method does not 
identify individual monosaccharide enan- 
tiomers, which still requires cleavage of glyco- 
sidic bonds. 

Lt is also apparent that virtually any func- 
tional group having a 13 C atom covalently 
bound to the oxygen atom at various sugar 
positions, such as ,3 C-methyl ethers, [ l3 C-car- 
bonyl]benzoyl esters, etc., could be used, in 
principle, for this type of analysis. Even other 
nuclei, such as 29 Si in trimethylsilyl ethers, 
could be envisioned to be of utility, provided 
derivatizations are complete, and that the 
ranges of 3- and 4-bond coupling constants of 
these nuclei to sugar ring protons do not 
overlap. 



4. Experimental 

Compounds.— Disaccharide-alditols were 
obtained either by isolation from bovine sub- 
maxillary mucin by alkaline borohydride 
treatment [21], or were prepared by reduction 
of disaccharides or tetrasaccharides (pur- 
chased from Sigma) with NaBH 4 ([22], as 
modified in [23]). Structures having a reducing 
hexose were also reduced with NaBD 4 in a 
separate experiment, so that the 'endedness' of 
the assignments of the alditol could be made 
unambiguously after peracetylation by direct 
comparison of NaBH 4 and NaBD 4 reduced 
samples. 
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Analyses, — Peracetylation was carried out 
essentially by the standard method [24]. Dis- 
jiccharide-alditols (100-500 ng) in t.5 mL 
vials having teflorFiineci - septa~weie~uissoIved- 
in 70 jxL pyridine (Pierce, silylation grade) 
followed by addition of 30 |iL of acetic an- 
hydride (Aldrich) or [ ,3 C-carbonyl] acetic an- 
hydride (Cambridge Isotopes, acetic 
anhydride 1,1'- ,3 C 2 , 99%). Samples were 
mixed and left for 24 h between 25 and 
50 °C under Ar, then solvents were removed 
under vacuum in a Speed-Vac rotor (Sa- 
vant). Following one wash with CDC1 3 , the 
sample was transfered in CDC1 3 to an NMR 
tube and a trace of Me 4 Si was added. Deu- 
terium oxide (10 ^lL, 99.996%, Cambridge 
Isotopes) was added, the sample mixed and 
the phases separated with a small hand cen- 
trifuge. Spectra were recorded at 27 °C on a 
Varian Inova 500 spectrometer equipped 
with a pulsed field gradient module and a 
triple resonance probe. Chemical shifts were 
recorded relative to Me 4 Si (for 'H, and 13 C, 
S 0.000, indirectly determined for l3 C using 
[ l3 C-carbonyl]acetone (Cambridge Isotopes), 
S 207.0 at 27 °C in CDC1 3 saturated with 
D 2 0, from a ID carbon-detected spectrum 
run separately). For ID spectra, the spectral 
width was 5000 Hz, collected over 16,000 
data points, with a preparatory delay of 2 s. 
gCOSY spectra [25] were recorded with 4- 
16 transients per /, increment and 1.75 s re- 
laxation . delay, with a phase = 1 (echo 
N-type coherence, selection). Gradients were 
rectangular and applied in the z -direction of 
strength 6 G/cm and 2 ms duration, with 
gradient rise and fall times of 100 |is. Spec- 
tral widths were 2500 Hz in both dimen- 
sions, acquiring 3520 points x 2048 /, 
increments. The cdgCOSY experiment em- 
ployed the GARP decoupling scheme [26] 
applied during the period shown in Fig. 6(a). 
The decoupler offset was set to the ,3 C-car- 
bonyl frequency using minimal power to 
achieve complete decoupling. Three hundred 
steady-state transients were run to ensure 
temperature equilibrium prior to acquisition, 
during which time z shims were reoptimized. 
gHMBC experiments ([27], standard Varian 
pulse sequence employing pulsed field gradi- 
ents) were acquired as 2048 points x 512 f, 



increments. Spectral widths were 2500 and 
12,000 Hz in F 2 and F l9 respectively. Four to 
eight transients were accumulated per *, in- 
-erement— wit h~a— L427_s_pr_e paratory delay, a 
fixed delay (taumb) of 63-93 ms, and the 
parameter J ( ] J X „) set between 120 and 140 
Hz. Data were processed with a combination 
of phase-shifted Gaussian and Gaussian mul- 
tiplication before the first Fourier transfor- 
mation and sinebell and sinebell-shifted 
multiplication before the second. Proton-de- 
tected phase-sensitive hetCOSY experiments 
were performed with a simple pulse sequence 
employing time-proportional phase incremen- 
tation as shown in Fig. 6(b). The spdhet- 
COSY experiment employed an adiabatic 
hyperbolic secant decoupling scheme [28,29] 
applied selectively at the methyl proton fre- 
quencies during the evolution time as shown 
in Fig. 6(b). Eight to sixteen transients were 
collected per The spectral width was 
1500-2000 Hz in the F 2 dimension. Two 
separate experiments were performed with 
each compound, one over an F x spectral 
width of 8000 Hz, to include the internal 
[ M C-carbonyl]acetone frequency at 207.0 
ppm for frequency referencing, and one over 
a 400 Hz spectral width, collecting 4096 x 
(400 x 2) hypercomplex files for both sepa- 
rate experiments. Data was processed using 
sinebell, Gaussian and phase-shifted Gaus- 
sian multiplication before the first Fourier 
transformation and sinebell and sinebell- 
shifted multiplication before the second. 
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